The sum of eicosapentaenoic acid (EPA, 20:5 3) and docosahexaenoic acid (DHA, 22:6 3) in erythrocyte membranes, termed the omega-3 index, can indicate suboptimal intake of omega-3 fatty acids, a risk factor for cardiovascular disease (CVD). To study the effects of fatty acid supplementation, we investigated the rate of incorporation and clearance of these fatty acids in erythrocyte membranes and plasma after intake of supplements. Methods: Twenty study participants received supplementation with either fish oil (1296 mg EPA ؉ 864 mg DHA/day) or flaxseed oil (3510 mg alpha-linolenic acid ؉ 900 mg linoleic acid/day) for 8 weeks. We obtained erythrocyte membrane and plasma samples at weeks 0, 4, 8, 10, 12, 14, 16, and 24 and extracted and analyzed fatty acids by gas chromatography. Results: After 8 weeks of fish oil supplementation, erythrocyte membrane EPA and DHA increased 300% (P <0.001) and 42% (P <0.001), respectively. The mean erythrocyte omega-3 index reached a near optimal value of 7.8%, and remained relatively high until week 12. EPA and DHA showed greater increases and more rapid washout period decreases in plasma phospholipids than in erythrocyte membranes. Flaxseed oil supplementation increased erythrocyte membrane EPA to 133% (P <0.05) and docosapentaenoic acid (DPA, 22:5 3) to 120% (P <0.01) of baseline, but DHA was unchanged. In plasma phospholipids, EPA, DPA, and DHA showed a slight but statistically insignificant increase. Conclusions: Erythrocyte membrane EPA؉DHA increases during relatively short intervals in response to supplementation at rates related to amount of supple-
and docosahexaenoic acid (DHA, 22:6 3) in erythrocyte membranes, termed the omega-3 index, can be used by clinical laboratories to assess for suboptimal intake of omega-3 fatty acids, which is a risk factor assessment for cardiovascular disease (CVD) (1 ) .
Investigations have shown that EPA and DHA, the major biological functional components of fish oil, are associated with reduced risk for primary cardiac arrest (2 ) , sudden cardiac death (3 ) , and fatal ischemic heart disease (4 ). Studies using animal models and isolated cardiac myocytes have suggested that EPA and DHA have a direct protective effect on the heart (5-10 ) attributable in part to the antiarrhythmic effect of EPA and DHA on ion channels (11 ) . Other beneficial effects of fish oil include decreased plasma triglycerides (12 ) and blood pressure (13, 14 ) and decreased expression of inflammatory markers (15 ) .
The evidence that long-chain polyunsaturated omega-3 fatty acids can reduce risk of CVD is sufficiently strong that both the American Heart Association and European Cardiology Society now recommend increased intake of fish or fish oil supplementation (16, 17 ) . Compared with plasma and other tissues, erythrocytes have the strongest association with cardiac tissue omega-3 fatty acid concentrations (18 ) and thus are promising candidates as risk markers for CVD.
Alpha-linolenic acid (ALA, 18:3 3) is a natural precursor of EPA and DHA and can be further elongated and unsaturated in vivo. Prospective cohort studies have suggested that dietary ALA is beneficial to cardiovascular health, although this evidence may be confounded by other dietary variables associated with high intakes of ALA (19, 20 ) . Human studies were inconsistent as to whether ALA can be converted to EPA and DHA efficiently and thus exert beneficial effects similar to those of the long chain omega-3 fatty acids (21) (22) (23) (24) .
In spite of the importance of the omega-3 fatty acids, relatively few studies have monitored the correlation of supplement intake and subsequent enrichment of these fatty acids in erythrocyte membranes and plasma. One study has addressed the rate at which fatty acid concentrations in erythrocyte membranes and plasma decrease after discontinuation of supplementation (25 ) , and few data address the effect of ALA intake on plasma and erythrocyte membrane omega-3 fatty acid composition (21, 23 ) . We investigated the incorporation and clearance of omega-3 fatty acids in erythrocyte membranes and plasma phospholipid fractions after fish oil or flaxseed oil supplementation.
Materials and Methods study participants
We recruited 20 apparently healthy participants [12 women and 8 men; mean (SD) age 48.8 (8) years] for this study. Medical history, family medical history, and demographic information were gathered at recruitment. Exclusion criteria included history of cancer, rheumatoid arthritis, heart attack, liver and kidney disease, neurological/psychological disease, bleeding disorders, history of taking fish oil or flaxseed oil in the past 6 months, and allergies to seafood. People with increased cholesterol or history of diabetes were not excluded from the study. The study protocol was approved by University of Minnesota Institutional Review Board committee. Informed consent and Health Insurance Portability and Accountability Act authorization forms were signed by all participants.
supplementation and study design
We used a randomized, single-blinded parallel study design to compare the effects of 2 supplementation methods in study participants, who were matched for age, sex, and body mass index (BMI) and randomly assigned to receive 8 weeks of supplementation with either fish oil or flaxseed oil. Participants were instructed to orally ingest 6 softgel capsules of fish oil (EPA 1296 mg, DHA 864 mg) plus 1 capsule of vitamin E (400 IU) per day or 6 softgel capsules of flaxseed oil [ALA 3510 mg, linoleic acid (LA) 900 mg] plus 1 capsule of vitamin E (400 IU) per day. Vitamin E capsules were included as an antioxidant to protect the polyunsaturated fatty acids from being oxidized. Fish oil, flaxseed oil, and vitamin E supplements were purchased from Vitamin World TM . The nature of the oil supplementation was blinded to participants and coded by A or B, respectively.
Blood collection was performed on the day before supplementation started (week 0), and the last day of weeks 4, 8 (end of supplementation), 10, 12, 14, 16 , and 24 (end of wash-out period). The length of the study was 24 weeks. At each visit, all participants were asked to report any illness, use of medication, and omission of softgel capsule intake.
blood sampling and storage
After study participants fasted overnight, we collected venous blood into 2 10-mL Vacutainer Tubes with K.2.EDTA spray. Samples were put on ice and sent immediately to the laboratory, where erythrocytes were separated from plasma by centrifugation at 2000g at 4°C for 10 min. The plasma was stored at Ϫ70°C, and an equal volume of acid-citrate-dextrose solution was added to the packed cells. The acid-citrate-dextrose/packed cells mixture was stored at 4°C. Analyses for fatty acids were performed within 1 week.
fatty acids extraction and analyses
Erythrocytes were washed 3 times with ice-cold isotonic saline to remove the buffy coat. The packed cells (2 mL) were lysed with 30 mL of cold distilled water and centrifuged at 20 000g at 10°C for 20 min to form a tight pellet. Supernatant was removed, and the above procedure was repeated 2 times or until supernatant was clear. Erythrocyte ghosts were brought to a volume of 2 mL with distilled water and gently sonicated on ice. Lipids were extracted from the erythrocyte membranes with a mixture of chloroform:methanol (2:1, by volume) (26 ) and 25 L of 2 g/L 21:0 standard (diheneicosanoyl phosphatidylcholine) was added to the filtered chloroform to monitor the extraction efficiency. Samples with Ͻ60% recovery were considered unacceptable. Tubes of chloroform were evaporated to dryness under nitrogen for the formation of methyl esters. For the extraction of plasma phospholipid fatty acids, 0.3 mL of plasma was mixed with 0.7 mL of 0.9% saline. We added 50 L of 2 g/L 17:0 standard (diheptadecanoyl phosphatidylcholine) to monitor the extraction efficiency. Lipids were extracted from the plasma with a mixture of chloroform:methanol (2:1, by volume), and cholesterol, triglycerides and phospholipid subclasses were separated on a silica thin-layer chromatography plate in a solvent mixture of petroleum ether, diethyl ether, and glacial acetic acid (80:20:1, by volume). The band of phospholipids was harvested for the formation of methyl esters. For both plasma and erythrocytes, fatty acid methyl esters were prepared with 1.5 mL of 14% boron trifluoride in methanol, incubated at 80°C for 90 min, and extracted with petroleum ether (27 ) . The final product was dissolved in heptane and injected onto a capillary Varian CP7420 100-m column with a Hewlett Packard 5890 gas chromatograph equipped with a HP6890A autosampler (28 ) . The gas chromatograph was configured for a single capillary column with a flame ionization detector and interfaced with HP chemstation software. Adequate separation of fatty acid methyl esters was obtained over a 50-min period with an initial temperature of 190°C for 25 min. The temperature was increased to 240°C at a rate of 2°C/min and held for 5 min. Fatty acid methyl esters from 12:0 through 24:1n9 were separated, identified and expressed as percent of total. The following CVs were obtained on 20 blind duplicates: LA, 2.6%; ALA, 2.4%; arachidonic acid (AA), 2.4%; EPA, 3.3%; docosapentaenoic acid (DPA), 2.9% and DHA, 2.7%.
statistics
The gaussian pattern of data distribution was assessed by gaussian probability plots and Shapiro-Wilk test. Withingroup differences were examined by paired t tests. Repeated measures one-way ANOVA was used for multiple comparisons. Data analysis was performed with a Microsoft Excel 2003 Data Analysis Package. Means, SDs, and SEs are included. P values Ͻ0.05 were considered significant.
Results

compliance and supplementation intake
One participant in the fish oil group discontinued the study at the end of week 1. Softgel capsules counted at weeks 4 and 8 verified that the remaining 19 participants adhered to the protocol. Plasma and erythrocyte membrane fatty acids were measured as an indicator of dietary intake.
erythrocyte membrane fatty acids
We compared the concentrations of major omega-3 and omega-6 fatty acids in erythrocyte membranes from participants after ingestion of fish oil or flaxseed oil (Fig. 1 ). After supplementation with fish oil, EPA and DHA increased significantly in erythrocyte membranes (P Ͻ0.0001 and P Ͻ0.001 respectively). The mean percent EPA increased 300% (P Ͻ0.001, Fig. 1A ), whereas DHA concentrations increased only 42% (P Ͻ0.001, Fig. 1B ). The relative amounts of EPA and DHA in erythrocyte membranes increased gradually and significantly in the fish oil Values shown are the mean percentage of total fatty acids (SE) in fish oil group (n ϭ 9) (ࡗ) and flaxseed oil group (n ϭ 10) (‚). ✚P Ͻ0.01 for significant difference from baseline in fish oil group by paired t-test. ૺ P Ͻ0.01 for significant difference from baseline in flaxseed oil group by paired t-test. *Supple., supplementation.
group during supplementation and did not return to baseline concentrations until 16 weeks postsupplementation. The concentration of ALA did not change significantly during the 24 weeks (Fig. 1C) . The average concentration of DPA (22:5 3), an elongation product of EPA in erythrocyte membranes, increased 39% (P Ͻ0.01, Fig. 1D ) and decreased to baseline concentration after washout. The rise in EPA and DHA was compensated for by a decrease in LA (18:2 6) (Fig. 1E ) and AA (20:4 6) (Fig.  1F) . The mean AA concentration decreased gradually during supplementation, reaching the lowest concentration (23% decrease, P Ͻ0.001) at week 10, and returning to the baseline at the end of 24 weeks.
In the flaxseed group, the 33% increase (P Ͻ0.05) in mean EPA from the baseline concentration was less than that in the fish oil group (Fig. 1A) . DHA showed no statistically significant increase after supplementation (Fig. 1B) . The mean ALA concentration increased 100% at week 8 (P Ͻ0.001) and remained above baseline until week 10 (Fig. 1C) . DPA in erythrocyte membranes showed a significant trend of increase after supplementation (P Ͻ0.01) with a mean concentration increase of 20% at week 8 (P Ͻ0.01; Fig. 1D ). No significant change was detected in the LA concentrations in the flaxseed oil group (Fig. 1E) . The 9% decrease in mean AA concentrations was less than that in the fish oil group (Fig. 1F) .
rate of incorporation of epa and dha in erythrocyte membranes
The variation in the rate of changes in erythrocyte membranes after fish oil supplementation was less in EPA than DHA (Fig. 2) . The EPA concentrations at baseline were 0.2%-1.3%, and after supplementation an increase in EPA of 1.3%-2.4% was observed (Fig. 2A) . For 5 of the 9 participants, the incorporation rates (percentage increase per gram of EPA) were within 1 SD of the mean of 1.4. Baseline DHA concentrations were 2.3%-5.0%, and after supplementation DHA concentrations increased to 4.2%-6.4% (Fig. 2B) . Compared with EPA, the incorporation rates for DHA had a larger range, 0.8%-2.9%, with a mean of 1.9. Two participants who had relatively high baseline concentrations of DHA (4.8% and 4.5%, respectively) had the lowest incorporation rates (0.8% and 1.1%, respectively), and 2 participants with relatively low baseline concentrations (2.8% and 3.2%, respectively) had the highest incorporation rates (2.8% and 2.9%, respectively).
plasma phospholipids
Concentrations of the major omega-3 and omega-6 fatty acids in plasma phospholipids from participants after ingestion of fish oil or flaxseed oil are compared in Fig. 3 . The concentrations of EPA and DHA in plasma phospholipids increased rapidly and significantly in the fish oil group after supplementation (P Ͻ0.0001 for both EPA and Ϫ , participant 4; f, participant 5; OE, participant 6; *, participant 7; Ⅺ, participant 8; ϩ, participant 9. DHA). Mean EPA concentration increased 245% (P Ͻ0.01, Fig. 3A) , and mean DHA concentration increased 73% over baseline (P Ͻ0.01, Fig. 3B ). Unlike increases observed in erythrocyte membranes, these increases did not persist. Mean EPA concentrations decreased to 34% of the peak concentration at week 10 and to 18% of peak concentration at week 12. Decrease in DHA concentration was less (81% and 74% of peak concentration at weeks 10 and 12, respectively). ALA concentration did not change significantly during the 24-week period (Fig. 3C) . Changes in concentration of DPA were less than changes in EPA and DHA concentrations. Mean DPA percentage increased 59% (P Ͻ0.01) at week 8 and gradually returned to baseline at the end of the washout period (Fig. 3D) . AA concentration showed a 26% decrease (P Ͻ0.001) after supplementation and returned to baseline at the end of 24 weeks (Fig. 3E) . A 10% decrease in the mean LA concentration was also observed after supplementation (Fig. 3F) .
Regarding participants who ingested flaxseed oil, concentrations of EPA, DHA, DPA, and LA showed no statistically significant increase after supplementation (Fig. 3A, 3B, 3D , and 3E, respectively). Only ALA increased 67% (P Ͻ0.001) and gradually returned to baseline after supplementation (Fig. 3C) . Concentration of AA tended to decrease at week 4, but it fluctuated in the following 12 weeks and returned to baseline at week 24 (Fig. 3F ).
omega-3 index
The sums of EPA and DHA and the total omega-3 long chain fatty acids (EPAϩDPAϩDHA) in erythrocyte membranes and plasma phospholipids from participants at weeks 0, 8, 12, and 24 are compared in Table 1 . In erythrocyte membranes, average concentrations of EPAϩDHA increased from 4.3% at baseline to 7.8% (P Ͻ0.001) after fish oil supplementation. Concentrations then gradually decreased to 5.7% at week 12, and to 3.8% at the end of the washout period. Likewise, the average concentrations of total omega-3 long-chain fatty acids increased significantly from baseline after 8 weeks (P Ͻ0.001), and gradually returned to baseline postsupplementation. In plasma phospholipids, the average increase Values shown are the mean percentage of total fatty acids (SE) in fish oil group (n ϭ 9) (ࡗ) and flaxseed oil group (n ϭ 10) (‚). ✚ P Ͻ0.01 for significant difference from baseline in fish oil group by paired t-test. ૺ P Ͻ0.01 for significant difference from baseline in flaxseed oil group by paired t-test. *Supple., supplementation.
in concentrations of EPAϩDHA was greater than that in the erythrocyte membranes. Concentrations did not persist as they did in erythrocyte membranes, however. The concentration at week 12 of 4.9% did not differ significantly compared with the baseline concentration. Similarly, the average concentrations of total omega-3 long chain fatty acids showed a 106% increase after supplementation, and rapidly returned to near baseline concentrations at week 12.
Supplementation with flaxseed oil failed to produce an effect equivalent to that seen after fish oil supplementation. In both erythrocyte membranes and plasma phospholipids, the increase in mean EPAϩDHA and total omega-3 long-chain fatty acid concentrations was less than that in the fish oil group.
Discussion
An overwhelming amount of evidence has demonstrated the beneficial effect of a diet rich in marine fish (16, 17, 29 ) . Because of concerns that fish may be contaminated with environmental toxins (30, 31 ) , supplementation with the active ingredients of fish oil has also been advocated. Because omega-3 fatty acid supplementation has been demonstrated to have cardioprotective effects (12) (13) (14) (15) and is associated with the reduction of death from CVD (2-4 ) , the American Heart Association has recommended increased intake of oily fish and/or supplementation with EPA and DHA (16 ) . In addition, Harris and von Schacky (1 ) have proposed that the erythrocyte membrane EPAϩDHA (omega-3 index) be measured as a new risk factor for death from CVD.
If laboratories are to offer omega-3 indices as a risk factor for CVD, more studies are needed to establish the quantitative and temporal relationship between intake of omega-3 fatty acids, incorporation into erythrocyte membranes, and the rate at which these fatty acids diminish from erythrocyte membranes over time when supplementation is discontinued or interrupted. In the current study, we measured erythrocyte membrane and plasma phospholipid fatty acids in 9 individuals before and after supplementation. Mean baseline erythrocyte long chain omega-3 fatty acid concentrations of 0.6% EPA, 3.8% DHA, and 1.8% DPA are similar to those reported by Harris et al. (1, 18 ) , and Katan et al. (25 ) . The mean omega-3 index in the 9 participants increased from 4.3% to 7.8% in erythrocyte membranes, which approximates the 8% recommended by Harris and von Schacky as cardioprotective (1 ) . In comparison, Katan et al. (25 ) showed that supplementation with 6 g/day of fish oil with ϳ1.62 g/day of EPA and 0.33 g/day of DHA for a year resulted in a mean omega-3 index value of 9.1, and Harris and von Schacky demonstrated that giving individuals 0.77 g of EPA and 1.26 g of DHA for 20 weeks resulted in an omega-3 index of 11.6 (1 ). Taken together, these results seem to indicate that a value of ϳ8% is achievable with ingestion of 2 g of EPAϩDHA over a period of 8 -20 weeks.
Our study shows that for each gram of EPA ingested, there was a mean increase of 1.4% after 8 weeks (range 1.0%-1.8%). This compares with an increase of 1.7% after 8 weeks and 2.3% after 1 year reported by Katan et al. (25 ) , 1.8% in 6 months by Harris et al. (18 ) , and 1.5% in 6 weeks by Brown et al. (32 ) . With regard to DHA, the mean increase of 1.9% per gram of DHA in 8 weeks in our participants compares with 1.7% observed by Brown et al.
(32 ) after 6 weeks. As shown in Fig. 1B , the increase in mean DHA concentration after 4 weeks of supplementation accounted for 82% of the total increase. We observed somewhat larger variations of percentage increases per gram of DHA among our participants, in general agreement with Katan et al. (25 ) , who reported that the incorporation of DHA in erythrocyte membranes was erratic. However, the results from our study indicate that individual variations are to a large extent a factor of the baseline DHA concentration. Thus individuals with higher DHA concentrations tend to take up additional DHA at a slower rate than those with lower baseline concentrations, suggesting that erythrocyte membrane DHA concentrations are regulated to some degree. In our study, the DHA concentration seems to plateau at ϳ6%. Although increases Ͼ6% DHA in erythrocyte membranes are possible with further augmentation, the rate of increase is more gradual compared to that seen in the initial phase of supplementation.
In the current study, we also monitored the changes in erythrocyte membrane fatty acid compositions at 2-week intervals postsupplementation. Our results seem to indicate a biphasic decrease of EPA and DHA with a steeper slope in the first 2 weeks postsupplementation, followed by a more gradual decline in the next 6 weeks. After 8 weeks of supplementation, the EPA and DHA concentrations were still marginally higher than baseline, but concentrations returned to baseline when measured 16 weeks postsupplementation. These data indicate that for the purposes of designing studies involving the use of omega-3 fatty acid supplementation, a washout period of 8 to 16 weeks may be required.
We also measured composition of fatty acids in the plasma phospholipids fraction. The increases in EPA and DHA mirrored the finding in the erythrocytes, and the sum reached a mean concentration of 9.5% after supplementation. In contrast, EPA fell to presupplementation concentrations 2 weeks postsupplementation. The decline in DHA concentration was more gradual, such that 54% of the increase in mean DHA concentration was retained 2 weeks postsupplementation, and 25% was retained 6 weeks postsupplementation. Thus erythrocyte membrane is a better index for monitoring long-term intake of omega-3 fatty acids, whereas plasma phospholipids are more sensitive to short-term changes in the intake of omega-3 fatty acids and may thus be more useful in monitoring the compliance of individuals in intervention studies with fish oil supplementation.
The current study shows that intake of ALA had little effect on EPA and DHA concentrations in the blood. For each gram of ALA supplement, the mean erythrocyte membrane EPA and DHA concentrations increased 0.1% and Ͻ0.1% (0.03%) respectively. Wilkinson et al. (33 ) reported similar findings in a study involving flaxseed oil supplementation for 12 weeks. At a dosage of 25.7 g of ALA per day, the mean increase of EPA was 0.1% per gram of ALA supplemented, whereas no detectable increase was seen for DHA. Our results and those of Wilkinson et al. suggest that conversion of ALA to EPA and DHA in vivo proceeds at a slow rate.
Supplementation with flaxseed oil resulted in a significant increase of DPA concentrations in erythrocyte membranes, comparable to that in the fish oil group. Previous studies have demonstrated the formation of DPA from EPA and DHA after dietary supplementation (34 -36 ) . The rapid conversion between EPA and DPA indicates the possibility that DPA can be a potential storage form for EPA. Thus, we speculate that the mechanism by which flaxseed oil exerts its cardioprotective effects may be 2-fold. First, ALA in flaxseed oil may have protective effects on cardiac arrhythmia, inflammation, and thrombosis. In addition, ALA supplementation enriches EPA and DPA composition in erythrocyte membranes. Although EPA concentration is only mildly increased, the increase in DPA in erythrocyte membranes may act to sustain a constant supply of EPA and its beneficial effects. In summary, we demonstrated that supplementation with ϳ2.1 g of long-chain omega-3 fatty acids for 8 weeks in a Midwestern population with relatively low baseline omega-3 fatty acid concentrations increased the mean omega-3 index concentration close to the desirable concentration of 8%. On the basis of this limited data, we speculate that for most individuals, the desired concentration can be achieved in 8 -12 weeks with this dosage of supplementation. The rate of incorporation per gram of supplementation for both EPA and DHA was fairly similar in several studies during a 6 -12 week period of time. Thus, with the use of this type of data and an individual's baseline erythrocyte membrane fatty acid profile, it is theoretically possible to determine the appropriate dosage of omega-3 fatty acid supplementation.
